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ABSTRACT
The interfacial behavior of third and fourth generations of hyperbranched polyesters (HBP3
and HBp4) with 32 and 64 hydroxyl terminal groups was studied. The molecular adsorption
on a bare silicon surface of both hyperbranched polymers was described in the terms of the
Langmuir isotherm. Higher adsorption amount under an identical adsorption condition was
found for lower generation HPB3. The shape of HBP3 molecules within an adsorbed layer
evolved from pancake with thickness below 1 nm for very low surface coverage to densely
packed worm-like structures with thickness about 3 nm for the highest surface coverage. The
molecules of the fourth generation, HBP4, hold stable close-to-spherical shape with a
diameter of 2.5 nm over the entire range of surface coverage including both dense
monolayers and isolated molecules. High intramolecular flexibility of HBP3 molecules as
compared with constrained mobility of bulkier branches of HBP4 is considered to be
responsible for this behavior, similar to regular dendrimer structures. The shape and size of
single nanoparticles adsorbed on the NHz SAM layer for both HBP3 and HBP4 keep the
s6rme as those on the bare silicon. The elasticity modulus of HBPs adsorbed particles is about
5 MPa for HBP4 and4MPa for HBP3.
A uniform monolayer with the thickness of 4.5 nm from an epoxy-functionalized
hyperbranched polyester (EHBP) with a core functionalized by alkyl chains with secondary
epoxy groups could be fabricated by melt grafting to a bare silicon surface. These groups
were presented in the fraction of terminal branches of the hyperbranched shell with the ratio
of epoxy-containing branches and alkyl branches of 1:2. Such chemical architecture provides
dual ability for both grafting to a solid substrate and an inducing surface functionality for the
layer. Steric constraints imposed by the chemical attachment of alkyl and epoxydized
branches to a single core, prevent microphase separation of dissimilar segments and allows
the fabrication of uniform monolayers with surface exposure of the fi.rnctional groups.
Estimate d 3-4 epoxy groups per molecule are located in the uppermost surface layer and
provide residual functionality sufficient to graft another polymer layer with appropriate
xl1ll
functionality. Grafted layers are extremely robust and sustain high compression and shear
stresses while possessing high elasticity.
The molecular structures of a series of HPs, HP-0, HP-10, HP-25, HP-50, HP-75 and HP-
100, which have different percentage of substituted CrzH35 branches, were identified by AFM,
FTIR, GPC and LB technique. FTIR results gave us a good trend that the intensity of CHz
adsorbed peak and OH peak change with the number of CrzHgs substitution. The number of
experimentally substituted alkyl chains calculated from LB zc-A isotherms were roughly in
agreement with the theoretical values. AFM images showed there were some aggregate
domains scattering on the surface of the LB deposited layers, and these domains
demonstrated some pattern for higher surface pressure. The tilt tails of some molecules were
forced to stand vertically at the higher surface pressure, which these standing tails over other
tilt ones ( height 0.6-0.8nm) formed the domains observed in AFM images.
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CHAPTER 1 INTRODUCTION
1.1 General concept
In the last years, scientists, especially polymer chemists, have introduced a new philosophy
of 'dendritic macromolecules' and prepared globular and spherical molecules in addition to
the more conventional linear ones. I Dentritic macromolecules are classified into dendrimers
and hyperbranched polymers, which are composed of successive branching units.
Dendrimers, having a well-controlled size and shape, are usually prepared by multi-step
reactions with tedious isolation and purification procedures, while hyperbranched polymers
are synthesized by a one-step self-polymerization of AB* type multi-functional monomers,
Figure 1.1.
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Figure 1.1 Hyperbranched polymer(la) and dendrimer(lb) based on ABz -
monomers I
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Flory presented the hyperbranched concept as early as in 1952 when he theoretically
described the uncontrolled condensation of AB* -monomers yielding highly branched
polymer.l The polymers were predicted to have a broad molar mass distribution and to be
non-entangled and non-crystalline due to their highly branched structure. Because of this,
hyperbranched polymers were considered to be less interesting since they would provide
materials with poor mechanical strength. However, the interest for hyperbranched polymers
was reawakened in 1990 when Kim and Webster published their work on hyperbranched
polyphenylenes and also coined the term "hyperbranched". 2 The lower cost of synthesizing
hyperbranched polymers allows them to be produced on a large scale, giving them an
advantage over dendrimers in applications involving large amounts of material, although the
properties of hyperbranched polymers are intermediate between those of dendrimers and
linear polymers.
1.2 Morpholory and properties of bulk hyperbranched polymer
Dendritic polymers a"re often reported to be amorphous even if the linear analogs are known
as crystalline polymers, which can be anticipated from their highly branched architecture. For
example, hyperbranched poly (ether ketone)s 3 and poly (phenylene sulfide)a are found to be
amorphous. However, some exceptions, such as liquid crystalline (LC) hyperberbranched
polymers were also presented by Percec et a1..5'6 The LC-phase in these compounds is
achieved by conformational isomerism. Anders et al. also reported the results on various
alkyl-terminated hyperbranched aliphatic polyesters, which were shown to be crystalline as
analyzedwith differential scanning calorimetry and X-ray scattering.T
Hyperbranched polymers are prepared from AB* multi-monomers. Contrary to highly regular
dendrimers obtained in a complex multistep processes, the hyperbranched molecules do not
have every B fragment coupled and contain three different types of repeating units, dendritic
units, fully incorporated AB* multi-monomers, terminal units having the two B-groups
unreacted and linear units having one B-group unreacted, Figure 1.2.
J
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Figure 1.2 Three types of repeating units in the hyperbranched polymer: linear,
terminal and dendritic.
The branching is not well defined for the hyperbranched molecules due to random character of
a one-step reaction. Instead of regular structure of dendrimers, locally irregular, somewhat
defective structure occurs in hyperbranched molecules. However, the general chemical
microstructure of hyperbranched molecules still reminds tree-like branches and their properties
are very different from random-coiled linear polymers.8 Linear and moderately branched
polymers exhibit properties, which are to a large extent determined by the chemical
composition of the backbone, while the nature of the end functional group (B) significantly
affects the properties of hyperbranched polymers. Moreover, changing the B function can
allow for the control of their some properties, such as the glass transition temperature and
solubility in various solvents. However, branching in polymers generally increases the specific
volume, decreases the density of the polymer and reduces the crystallization tendency, with
subsequent reduction in mechanical strength compared with entangled linear materials. It has
been reported that hyperbranched polymers often show similar properties, such as low
viscosities, good solubilities, thermal properties, and chemical reactivities, as dendrimers.
1.2.1. Solubility
The introduction of dendritic structure significantly improves the solubility of hyperbranched
polymers in organic solvents. Kim and Webster reported that hyperbranched polyphenylenes
B
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were soluble in organic solvents even if the linear analogs are almost insoluble due to the
rigidity of their main chain. 2'e'r0 The solubility depended to a large extent on the structure of
the end groups, and highly polar end-group such as carboxylates would make the
polyphenylenes with very hydrophobic interior even water-soluble. Also, water soluble one
can be made hydrophobic by converting its end-groups into hydrophobic units.
Not only good solubility but also solution behavior differs for hyperbranched polymers
compared to linear polymers. The viscosity of hyperbranched polymers in solution and in
melt is lower than their linear analogs. The low viscosity implies that dendritic
macromolecules are less entangled due to their spherical shapes. The Mark-Houwink-
Sakurada equation, I-k* Mo, describes the relationship between the viscosity of dilute
polymer solution, I, ffid the molar mass, M, where k and cr are constants specific to a certain
solvent-polymer combination at a certain temperature. Values of ct, can be related to chain
extension in dilute solution. Frechet presented a comparison between linear polymers,
hyperbranched polymers and dendrimers with respect to intrinsic viscosities as a function of
molecular weight, Figure I .3.11
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Figure 1.3 Schematic plots for the relationship between intrinsic viscosity and
molecular weight
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Dendrimers display an unusual bell-shaped relationship with the decrease in the intrinsic
viscosity of the dendrimers of higher generationt' and the chain entanglement is hardly
formed. That is, the intrinsic viscosity of dendrimers does not obey the Mark-Houwink-
Sakurada equation. This behavior is ascribed to the transition from an extended structure for
lower generation to globular shapes at increased generation, which has been well recognized
through studies of spectroscopic measurements and computer molecular modeling."''o
The slope of the plot for hyperbranched polymers is smaller than that for linear polymers
although intrinsic viscosities increase with increasing the molecular weight of hyperbranched
polymers. Generally, cr in the Mark-Houwink-sakurada equation lies between 0.5 and 1.0
for randomly coiled linear polymers, and many kinds of hyperbranched polymers were
reported to have o values less than 0.5, suggesting a more compact and spherical shape for
hyperbranched molecules in solution in comparison with linear polymers. Also, GPC
measurements can prove this point, which the retention volume for hyperbranched polymers
tends to be larger than that for linear polystyrene having the same molecular weight.
1.2.2 Thermal properties
Thermal properties of hyperbranched polymers are also significantly different from those of
analogous linear polymers. Since hyperbranched polymers are almost amorphous materials,
the glass transition temperature will be one of the most important features.
Molecularly, the glass transition temperature is traditionally defined as the onset temperature
of large-scale movements for the linear polymers, i.e. the temperature where large-scale
segmental mobility becomes possible. Hyperbranched polymers and dendrimers exhibit a
thermal transition resembling a glass transition even though its origin probably is different.
Kim and Webster suggested that the glass transition for them was due to translational motion
rather than segmental motion. e This was based on the observation that the polarity of the
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end-groups had a much bigger influence on the glass transition temperature than the molar
mass. The glass transition temperature was shifted towards higher temperature with
increasing polarity of the end-g.orrps.'5'16 The influence of the end-groups of hyperbranched
polymers on the thermal properties was studied in detail by Hawker and Chu. 3 They
prepared poly (ether ketones) with the same building block, but with different degree of
branching and terminal units such as fluro, hydroxyl, and benzophenone groups. The results
showed that thermal properties of hyperbranched polymers with different degrees of
branching were independent of macromolecular architectures, but depended strongly on the
properties of the end-groups. 3 Voit et al. compared several hyperbranched aromatic
polyesters with different end-groups and found that the glass transition temperature can vary
as much as 20OoC.r7
In addition, Kim and Webster also pointed out that the properties depended more on the
chain length between the branching points rather than the molecular weight. The
hyperbranched polymers with shorter chain length behaved just like oligomer even though
total molecular weights were high. e
However, the exact glass transition temperature for hyperbranched polymers can not be
obtained only by one model since several other factors such as degree of branching, steric
interactions due to crowding, backbone rigidity and polarity in combination also play an
important role for the glass transition temperature.
1.2.2.3 Other properties and characterization
The rheological properties of hyperbranched polymers were charactenzed by a Newtonian
behavior in the melt state, i.e., no shear thinning or thickening was observed. 18 This
indicated a lack of entanglements for these polymers. The non-entangled state imposes rather
poor mechanical properties, resulting in brittle polymers. These suggested that dendritic
7
materials might not be appropriate for use as the single component in engineering
thermoplastics.
Detailed characterizations of hyperbranched polymers are different from those of linear
polymers and become increasingly difficult with high generation ones even employing
modern instrumental analysis. Gel Permeation Chromatography (GPC) is an excellent
technique for determining the molar mass distribution of a polymeric sample (also can be
described as a form of size exclusion chromatography). The separation phenomenon within
GPC column is based on molecular size, i.e., hydrodynamic volume, and determinations of
molar mass require calibration with polymers of known molar mass (polystyrene). A
dendritic macromolecule possesses smaller hydroynamic volume than its linear analogue
having the same molar mass, and also there are no appropriate standards available for the
charactenzationof dendritic macromolecules. Therefore, measurements of molecular weights
and polydispersities of hyperbranched polymers with this corlmon methods GPC are
problematic due to different hydrodynamic volume of sample and reference, which should
lead to underestimated molecular weights. On the other hand, interaction of the large number
of polar end groups with solvent and columns can lead to strong overestimation of molecular
weights.
1.3 Applications
Hyperbranched polymers were considered early as suitable for any application where the low
viscosity and the large number of functional groups are of advantage. However, the highly
branched structure did not favor the entanglement, ffid thus hyperbranched polymers were
brittle. This limited certainly their application as bulk materials. But, variety of applications
was still thought for hyperbranched materials as blend components, additives and coating
components. They were used as multifunctional initiators and for rheology control.2'e They are
considered to be promising compounds for surface modification,le medical applications,"
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nanofillers for polymer nanocomposites,2l and in non-linear optics.22 Hyperbranched
polyesters with hydroxyl terminal groups were studied for their transport properties23 and were
used as tougheners in thermoplastics and thermosets.2l'24 It was found, that the surface
properties of hyperbranched polymers are controlled by the nature of terminal groups located
on the periphery of the branches.25 Highly branched polymers demonstrated unusual thermal,
mechanical and rheological properties as compared to linear flexible polymers.2r'26
1.3.L Surface modification
Surface modification of solid objects is a very interesting topic of considerable technological
relevance, since it potentially offers a cost-effective means for improving substrates
performance without affecting the overall bulk properties.
The major approach for surface modification, which is widely used to date, is the fabrication of
surface layers with different terminal groups in the form of self-assembled monolayers (SAMs)
composed of bi-functional organic molecul es.27 '28'2e Typically, short-chain molecules such as
alkoxylsilanes and alkylthioles are used for the fabrication of functional SAMs with carboxyl,
hydroxyl, amine, sulphate, ffid epoxy terminal groups on silicon, glass, mica, and gold
surfaces .27 '28'30
The functional dendrimers and hyperbranched polymers with highly branched, tree-like
chemical microstructure, 31 if grafted properly to a surface, may form uniform layers with
majority of terminal functional groups located at the surface and with molecules being in either
globular or compressed/stretched globular conformation. 32 Presence of different types of
chemical groups in the terminal branches can be used for tethering to the solid substrate,
stabilization of the layer via internal cross-linking, and surface exposure of the appropriate
functional groups . Dendritic monolayers have several advantages compared to corresponding
9
linear polymers, such as strong interaction of a number of terminal groups with surface, much
higher density on the surface and controlled thicknesr 32, Fig*e 1.4.
ffi
Figurel.4 Comparison of monolay structure: a) amphiphilic linear molecules; b) solid
particles; c) hyperbranched macromolecules 32
Coexistence of different chemical groups in the terminal branches chemically attached to a
single core makes these molecules unique in their multiple grafting ability. One can expect the
formation of the surface layer with suppressed tendency towards microphase separation of
dissimilar multifunctional anns due to chemical constrains imposed by the core-branches
microstructure. The variation of chemical functionalities of the different branches can be an
effective route to tailoring surface properties of such layers without having heterogeneous,
microphase-separated microstructures. Another approach could include growing functional
hyperbranched layers by grafting from technique as discussed by Crooks et a1.33 On the other
hand, molecules with higher molecular weight are instrumental for the fabrication of
molecularly "thick" (3-1Onm) layers, which canpossess enhanced screening ability and surface
robustness due to the elastic nature of the hyperbranched cores.
1.3.2. Other applications
An important application of hyperbranched polymers in medicine is in advanced drug-delivery
systems. These materials control the drug concentration and delivery rate in the body.
Hyperbranched polyesters have been suggested for such systems. 3a Besides those above more
classical application aspects, some new fields are explored for the use of hyperbranched
polymers. Globular, degradable and hyperbranched molecules can act as pore forming
r$
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material for a nanoporous system which is employed in the area of chromatography and for the
formation of aerogels . Also, the use of hyperbranched polymers were reported in sensoric3s, as
nonlinear optic36 and LC materials3' , for ion conductivity, in molecular imprinting, in catalysis
and also as soluble functional supports. These examples demonstrate the very broad
perspectives of hyperbranched polymers in all areas of modern polymer science.
Highly branched polymers demonstrated urusual thermal, mechanical and rheological
properties as compared to linear flexible polymers due to the absence of intermolecular
entanglements. Hyperbranched polyesters with hydroxyl terminal groups were studied for
their transport properties3a and were used as tougheners in thermoplastics and thermosets. It
seems that bulk material mechanical and transport properties were weakly dependent upon
generation number for low generations. However, to date, only a few papers have been
dedicated to the investigation of the microstructure of hyperbranched polymers within
adsorbed layers and their interfacial behavior remains unexplored. Tsubokawa et. 41.38
developed a new approach of grafting of hyperbranched polyamidoamines on surface of fine
SiOz particles. Crooks et. al. 3e synthesized surface-grafted hyperbranched polyacrylic acids
and char actenzedtheir multilayered organization. Lazzaroni et. a1.a0 and Huck et. a1.41 studied
the surface microstructure of hyperbranched polymers and observed well-defined nanoparticle
shapes for high molecular weight specimens. Sheiko et al considered surface behavior of well-
defined hyperbranched macromolecules on various surfaces and demonstrated a number of
examples of the individual behavior of isolated macromolecules controlled by fine
intermolecular and interfacial interactions.a2
1.4 Objectives and goals of the project
Essentially, the goal of this project is to better comprehend molecular characteristics of
hyperbranched polymers, and more specially study microstructure and morphology of these
polymers grafted upon the solid surface from melt and adsorption. The second goal is to
fabricate smooth molecular films of these polymers with good micromechanical properties.
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Three different series of hyperbranched polymers (see chapter 2) will be used as samples and
will be deposited onto the silicon surface from solution , melt or Langmuir-Blodgett technique.
FTIR and GPC will be used to measure the composition and molecular weight of HBP. The
thickness of the adsorbed layer on the silicon surface will be measured by ellipsometry, and
contact angles of these adsorbed layers will be used to check the degree of surface coverage.
The microstructure and micromechanics of HBP deposited layers on the silicon surface will be
examined by atomic force microscope (AFM) in tapping, contact and Force-volume mode. The
ellipsometry measures the 'effective' thickness of the adsorbed layer (including non-covered
area). In order to obtain the "reaI" height of the adsorbed nanoparticles or layers, we will use
AFM by doing cross-section analysis. Moreover, we will employ AFM to measure the volume
of single molecule one by one grafted on the silicon surface by using very sharp tip, and then
combining with the densrty of the HBP' we can get the statistical distribution of 'real' HBP
molecular weight.
t2
CHAPTER2. METHODOLOGY
This chapter will focus on the description of experimental method what we employed,
including how to design and prepare hyperbranched monolayers on the solid surface, how to
characterize them, ffid how to analyze their relationship between structure and properties.
2.1 Samples
2.1.1 Hydroxyl-terminated hyperbranched polyester (HBP)
Hydroxyl-terminated polyesters of second (HBP2), third (HBP3) and fourth (HBP4)
generations (Figure 2.L 1) were used as received from Aldrich and Perstorp Polyols Inc.,
which based on 2,2-bis(methyol) propionic acid monomer (Scheme 2.1) with t6, 32 and 64
terminal hydroxyl groups, respectively.
OH
-l- Me
HO
OH
Monomer
Two generation Third genermion Fourth generation
HBP2 HBP3 HBP4
Scheme 2.1 Monomer : 2r2-bis(methylol) propionic acid and core for HBP2, HBP3 and
HBP4
Core
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Figure 2.1.1 Idealized chemical structure of hydroxyl-terminated polyesters
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2.1.2. Epoxy-functional hyperbranched polymer (EHBP)
The coilrmercially available epoxy-functional hyperbranched polyester of the third
generation (EHBP) (see idealized chemical structures and molecular models for extended
conformations in Figure2.L2) were donated by Perstorp Polyols Inc. The original honeyJike
liquid was purified as follow. The solution of EHBP in n-butanol (1:3) was prepared and
potred in 3-fold excess of methanol and shaken intensely for several minutes. The emulsion
obtained was allowed to separate overnight in two layers. The bottom layer was taken out
and placed in vacuum at 50oC for 24 h to remove the alcohols. This purified sample was kept
in the refrigerator for use.
Figure z.l.zldealized chemical structures of EHBP compounds studied (left) and the
molecular model of corresponding extended conformations (right).
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2.1.3. Hydroxyl-terminated hyperbranched polymer (HP-0) and its substitutions
with different percentage of CrzH35 branches
A series of HPs, HP-O, HP-10, HP-25, HP-50, HP-75 and HP-100 (see idealized chemical
structures in Figure 2.L 3), was used as received from Dr. Shevchenko research group, which
were synthesized using DMPA as monomer and TMP as core. Different percentage (%) of
terminal hydroxyl groups was substituted by CrzH:s branches to obtain this series of
hyperbranched polymers, HP-O (0%), HP-10 (10%), HP-25 (25%), HP-50 (50%), HP-75
(75%) and HP-100 (100%) as scheme2.2.
HO HO
COOH
HO
OH
DMPA TMP
H P.O
H B.O oHl n (GrzHssCOGl) n
H
10% 25% s0% 75% 100%
HP.l O HP-25 HP.sO HP.75 HP-1 00
Scheme 2.2 A series of HPs, HP-0, HP-10, HP-25, HP-50, HP-75 and HP-100
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HP-50
IIP-25
HP-l00
IIP-75
Figure 2.l.S Idealized chemical structures of HP-0, HP-10' HP-25' HP-50, HP-75 and
*)
HP-100
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2.2 Preparation of hyperbranched layers on solid surface
2.2.1 Substrates for hyperhranched molecules deposition
We used a bare silicon and modified bare silicon as substrates for hyperbranched polymers
deposition. For silicon modification, epoxy-SAM , NHz-SAM and OTS-SAM were
employed as modifiers.
2.2.1.1Bare silicon
The bare silicon was atomically smooth siliconwafers of the {100} orientationwith one side
polished (Semiconductor Processing, Co.). Silicon wafers were put into a holder and rinsed
for 6 times using high-purity water (resistivrty of 18 MO cm, Nanopure infinity, Barnstead
lnc.), combining an ultrasonic bath at last time for 30 minutes, and then followed by a
"piranha" solution (30% concentrated hydrogen peroxide, 70yo concentrated sulfuric acid,
hazardous solutionl) bath for one hour before deposition. After "piranha" bath, the samples
were rinsed 7 times with "Nanopure" water, ffid keep them under water for at least t hour.
The wafers were dried under a stream of dry nitrogen before use. A11 sample preparations
were performed inside a Cleanroom 100 facility (Contamination Control Products, Supply
Krg, Inc.).
2.2.1.2 Modification of bare silicon and tip
Bare silicon and tip were modified using epoxy SAM, NHz SAM or CHg SAM according to
an experimental procedure used early in our gro,rp.o3 The detail procedure as follows:
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Procedure for epoxy SAM modification of bare silicon
. In the glove box filled with nitrogen, when humidity below 5o/o (read from hygrometer),
drop lml of epoxy SAM into 100 ml anhydrous toluene (Aldrich) , wait 5 minutes
o Immerse very clean bare silicon into the above SAM solution in the test tube for lhour
(Figure 2.2.1)
. Rinse the modified silicon for 4 times using toluene (Fisher , reagent grade)
(Al1 the above procedures are operated in the glove box r.rnder the nitrogen and humidlty
below 5%)
. Take the modified samples out of the glove box and rinse 4 more times using ethanol,
combining the ultrasonic bath at the last time
o Dry with a stream of dry nitrogen gas about 2 minutes
Procedure for NHz SAM modification of bare silicon
. In the glove box filled with nitrogen, when humidity below 5% (read from hygrometer),
put2-3 drops of NHz SAM into 100m1 ethanol(l00%), wait 5 minutes
o Immerse very clean bare silicon into the above SAM solution for 30 minutes(Figure
2.2.1)
. Rinse the modified silicon for 4 times using 95% ethanol
(Al1 the above procedures are operated under the nitrogen and humidity below 5%)
o Take the modified samples out of the glove box and rinse one more time using ethanol,
combining with the ultrasonic bath at the last time
o Dry with a stream of dry nitrogen gas about 2 minutes
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SAM molecules
Test tube
solution
Bare silicon
Figure 2.2.1 Modification of bare silicon
Procedure for CHs SAM modification of silicon tip
. Put the tip into very small tube (cut from pipette) as Figure 2.2.2 and rinse two times
using a mixture of ethanol and chloroform (50/50), then dry with nitrogen
o tn the glove box filled with nihogen, when humidity below 5Yo, put 2-3 drops of OTS
SAM into l00ml toluene, wait 5 minutes
o Immerse tip into the above solution for 30 minutes, as Figure 2.2.2
o Keep it in the glove box and rinse using toluene and chloroform for 2 times, respectively
(All the above procedures are operated under the nitrogen and humidity below 5%)
o Remove out from glove box and rinse 2 times using ethanol, then dry with a sffeam of
dry nitrogen gas
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Tube
Tip
Figure 2.2.2 Scheme of Tip modification
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2.2.2 Deposition of hyperbranched polymer onto the substrates
Deposition onto the substrate for hyperbranched molecules was carried out from both
solution and melt. For the deposition from solution, the substrate was kept in a solution for
adsorption at different time periods and rinsed thoroughly following drying before
characterization. For melt grafting, the THF solution with certain concentration was
deposited on the substrate by spin-coating to form a thick film. The detail procedrne is
described as follows.
2.2.1Adsorption
2l
The HBPs adsorption was performed from acetone solution (Fisher, reagent grade) with the
concentrations at the range from 0.005g/L up to l}glL for different time. In order to obtain
the time of saturation adsorption, the kinetics of adsorption from I glL concentration for both
of HBp3 and HBP4 was studied from I min to24 hours. After adsorption, the samples were
rinsed using a fresh acetone for six times, finally, dried under a sfream of nitrogen. The
procedures for adsorption are as follows, Figure 2.2.3.
. Prepare very clean silicon substrates with size of 20x20mm
o Prepare a series of different concentration solutions in acetone from
0.005 to 10 g/L
. Put the silicon wafers into the above solutions for adsorption for 3 hours
o Rinse the adsorbed silicon wafer by using fresh acetone for 6 times , ffid keep
shaking during the rinse
. dry them under a stream of dry nitrogen about 2 minutes
I
Clean
Silicon
Wafer
Immerse it
into solution
for different
times
Rinse it
using fresh
acetone for
6 times
Dry it
under a
sfieam of
nifrogen
Dry
Nitogen
Figure 2.2.3 Scheme of adsorption procedure
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2.2.2 Melt grafting
The chemically grafted layers of hyperbranched polymers was prepared on the substrate by
spin-coating. About 20 drops of solution (10Yo for EHBP, lo/o for HBP3 and HBP4) in
tetrahydrofurane (THF, HPLC grade, Fisher Scientific Co.) were deposited onto the freshly
clean silicon wafers which rotated at the rate of 3000 RPM. The coating time is 100s. During
the rotation, the color of the surface changed , indicating the thinning of the film. After spin-
coating, specimens were immediately annealed in an vacuum oven at 40 - 150'C for different
time periods at the range of t hour to 4 hours. The residual ungrafted polymer was removed
by multiple washing with THF in the ultrasonic bath at 50oC.
2.2.3 Langmuir-Blodgett technique
Langmuir-Blodgett (LB) technique was employed to study the air-water behavior of
hyperbranched molecules and fabricate LB monolayers. 15 pl of very dilute HBPs solution in
chloroform ( 0.5-1 mmol/L) was dropped onto the surface of the nanopure water in the LB
trough using pipette, wait for 30 minutes and let the solvent evaporate fully. Barriers on
either side of the trough applied equal loads and compressed the deposited film at the rate of
50 pm/s, respectively. This procession creates an m-A isothern, which is a plot of pressure
versus areaof the thin-layered film on the surface of the trough. During the compression, the
deposited molecules will go through phase transition from a loosely lying "gas" state to a
"liquid" state with close packing of short-range order molecular fragments, ffid, at last, to a
"solid" state with a dense crystalline packing at higher surface pressures.o3 There is a critical
pressure at which loads beyond this point would collapse this unifonn monolayer.
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2.3 Cha racterization of hyperbranched layers on solid surface
Several experimental techniques were employed to characterize these hyperbranched layers
deposited on the bare silicon, such as using ellipsometry to measure the thickness of the
layers, FTIR for the composition of the bulk hyperbranched polymers, contact angle for the
degree of the surface coverage, ffid AFM for the topography, morphology and friction force.
2.3.1Ellipsometry
The ellipsometry is an optical technique devoted to the analysis of surfaces.o3 It is based on
the measurement of the variation of the polarrzation state of the light after reflection from a
plane surface. After reflection on a sample surface, a linearly polarized light beam is
generally elliptically polarized. The reflected light has phase changes that are different for
electric field components polarized parallel (p) and perpendicular (s) to the plane of
incidence. Ellipsometry measure this state of polarizationor more precisely the complex ratio
p written as:
r
P-'P' -taup*erP(ia)"r,
where Psi and Delta are the amplitude ratio and phase shift, respectively, of the p and s
components and are the ellipsometric parameters (often given as tan Psi, cos Delta) measured
as described in the Signal treatment and calibration section. The reflectance coefficients are
directly related to the optical constants of the surface by assuming the ambient is air (Fresnel
relations ):
ilc0s# - Eos 4tP: 
"-*d . *- d
cos dl ffi cos d4:
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where n is the complex refractive index n : N -iK of the surface.
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Figure z.3.LReflection and refraction pattern of laser beam on the surface
The angle of refraction may be obtained using Snell-Descartes's Law:
sin d, - firsind,
Thus if the sample is an ideal bulk, the real and imaginary parts of the complex refractive
index may be calculated from the measured tan Psi and cos Delta paftrmeters with the
knowledge of the incidence angle. The optical index and thickness of a transparent layer on
known substrate can also be deduced in the same way.
The amor.urt and thickness of HBPs grafted on silicon surfaces were measured with a Compel
Ellipsometer (InOmTech, Inc.), operatin gat)"-634nm and the angle of incidence 700. Due to
the thin films of hyperbranched polymers, the average thickness of the native SiOz layer on
the bare silicon ( refractive index 1.462 for SiOz, 3.869 for Si) was taken into account when
the ellipsometry measurements of the grafted amount were carried out. It was about 1.2 nm
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for the wafer batch used in this study and the data scattering was within the typical
ellipsometry accuracy of 0.1 nm. Again, for the HBPs layers, the measurements of the
several locations were carried out and averaged with typical data scattering was within range
of 0.lnm.
For the calculation of the HBP layer thickness, the refractive indices of polymers should be
known. To assure reliable ellipsometric measurements, we found the refractive indices of
HBPs from reference measurements. There is a well known restriction in the measurements
of both thickness and refractive index of thin layer.aa To overcome this limitation, thicker
(about 40 nm) spin-coated polymer films were deposited from l0 glL acetone solutions. An
incident angle was found for reference spin-coated films of polystyrene with known
refractive index of 1.59. aa The incident angle was measr.ued with an accuracy of 0.03o and
assumed to be the same for both reference sample and HPB films. By fixing this angle, both
thickness and refractive index of HBP spin-coated films were calculated with an accuracy of
0.1 nm and 0.02, respectively. By using this way, the refractive indices of HBP3 and HBP4
were found to be 1.48 t 0.01. It is worth to note that the bulk refractive index of polymer
with similar chemical structure, polylactic acid, is 1.45.45 This indicates that the values of
refractive indices obtained for both HBPs are very close to that of polylactic acid.
The grafted amount,f ,mglrt, wos calculated as:
r: p*d
where p is the HBP density and d is the thickness found from ellipsometry measurements.
2.3.2 Contact angle measurement
Contact angles were recorded on a custom-built instrument combining a microscope and a
digital camera. The test surface is held on sample stage which can be translated in X and Y.
The nanopure water is loaded into a micrometric syringe held above the test surface. The
sample surface and tip of the syringe are located in the field of view of a video imaging
system so that magnified image of the droplet and surface contact point can be viewed on a
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monitor. Carefully place a droplet of nanopure water onto a test surface, then quickly
measure X and Y . Use the equation, 0 -tan-l (2*X*Y)/&-V') , to get the contact angle 0,
when 0 < 900, ffid e -tarl-l (2*X*Yy( Y'- X 2) when 0 >900 . Three to five successive
measurements were prepared for each sample, and statistically get an average value.
Nanopure
water drop
HBP film
Figure 2.3.2 Sessol droplet measurements
2.3.3. FTIR
ATR-FTIR measurements on a Schimadzu 8300 spectrometer were conducted to identiff
chemical composition. It was operated under the conditions of the highest resolution 1 cm-l ,
the number of scan 100 and spectrum range between 600 and 4000 cm-'.The intensity of the
ATR spectrum is a function of the penetration depth of the evanescent wave in the sample.
The penetration depth of incident light increases with decreasing wavelength thus causing
weaker bands for high wavenumber. Therefore, it is necessary to perform an ATR correction
of a spectrum in order to quantiff the spectrum, i.0., each intensity value for a given
wavenumber ), of a spectrum is multiplied by a factor )v"l L , where X*r is the reference
wavelength.o'o This operation can be done by using "ATR correction " in the FTIR software.
27
2.3.4 GPC
Gel Permeation Chromatography(GPc) is an excellent technique for determining the molar
mass distribution of a polymeric sample. The separation phenomenon within GPC column is
based on molecular size, i.e., hydrodynamic volume, and determinations of molar mass
require calibration with polymers of known molar mass (polystyrene). In our study, GPC
measurements of hyperbranched polymers were carried out to compare actual molecular
weight and theoretical molecular weight for the idealized structure. These measurements
were conducted for lmg/ml, HBPs solutions in THF using Waters-GPC equipped with Mini
Dawn (Wyatt Technology) light scattering detector. Before injecting the sample into the
system, the system was equilibrated and calibrated by using polystyrene as standard.
2.3.5. AFM
Imaging of HBP layers was performed with an atomic force microscope (AFM) Dimension-
3000 @igital Instrument, lnc.) in the tapping mode according to an experimental procedure
described in detail elsewher..o6 The regime of very 'olight" tapping (driving amplitude/free
amplitude ratio was within 0.95-0.99, scan rate 0.5 pn/s) was set to avoid the compliant
polymer layer damaging. The micromapping of surface properties was performed in
accordance with the experimental routine reported elsewher". o''or Spring constants of silicon
cantilevers of different types were calibrated with the added mass routine, resonant frequency
technique, o' *d calibration plots proposed in our previous publications. s0 The tip curvaflre
radii were evaluated by imaging reference samples with tethered gold particles. sl
Micromechanical measurements and surface micromapping were carried out in the contact
mode according to the experimental procedure described earlier.4T'4g Ultrasharp silicon tips
with the spring constant of less than 3.0 N/m (usually 0.5 N/m to 1.5 N/m) were used for
force volume measurements.
2.3.6 Molecular model
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Molecular models were built with the HyperChem 6.0. Simulations were performed on a
SGI workstation with Cerius2 3.9 program with the Universal force field.s2 The molecular
volume and dimension calculations were done by a dynamic mechanics execution of the
initially fully extended molecular conformation at an elevated temperature followed by an
energy minimization cycle. The data were primary used for the visualization of the molecular
shape and the estimation of the most probable molecular dimension. Multiple repetitions of
the molecular simulations with different initial conditions showed similar shapes. To build a
model with separate packing of a core and terminal branches, we used a polar core in
flattened surface conformation, added alkyl branches in predominantly upright positions, and
conducted dynamic mechani", rors. 53
2.3.7 XPS
AXIS ULTRA (Kratos Analytical, Institut fiir Polymerforschung Dresden, Germany) was
used for X-ray photoelectron spectroscopy studies. X-Ray-source of Mono-Al KcL1,2 wos
operated at 300 W at 20 mA and pass energy was selected at160 eV for survey spectra and 20
eV for high-resolution spectra. To determine the element ratio, normalized peak areas were
calculated from initial peak areas (Raw Area [CPS, counts per second]) of the survey spectra
according to the following equation, which includes respective sensitivity factors (RSF) and
spectrometer' s transmission function (Tx. Function)sa :
NormArea - Raw AreaRSF.Tx. Function
To evaluate the chemical composition of the grafted layer, the ratio of oxygen and carbon
elements obtained experimentally was used. To separate contributions of the 'oorganic"
oxygen from polymer and "silicon" oxygen from dioxide surface layer we used the following
procedure. First, we separated contributions from the o'metallic" silicon from bulk and the
oxide layer by analysing the Si 2p spectra taking into account the elemental ratio in the
silicon dioxide layer [Si]:[O] as | :2. The Si 2p spectra were decomposed into three peaks,
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which coffesponded to the two binding states of bulk silicon (SiZppmetal and Si Zpwmetal
as the result of Russel-Saunders coupling) and Si-O (Si Zptn _ Si 2ptn + Sira). This
separation allowed evaluating the contribution from oxygen associated with the silicon
dioxide layer. The residual amount of oxygen was considered related to organic oxygen from
the polymer layer.
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CHAPTER 3. RESULTS AND DISCUSSION
3.1 Hydroxyl-terminated hyperbranched polyester (HBP)
GPC analysis for HBP2, HBP3 and HBP4 showed in the Table 3.1.1. Also, relatively wide
molecular weight distribution was obtained for these three compounds. According to these
data, we built idealized models presented as in Figure 2.1.L The theoretical molecular weight
estimated from these idealized chemical structure (Figure 2.1.1) was higher than the
experimental values (GPC) due to almost spherical structure of HBPs compared with random
coiled polystyrene (GPC standard), diseussed in chapter 1. For the molecular weights of
HBPs o wo will discuss it in detail in 3.1.3. Due to the impossibility dissolving HBP2 into
general solvent (acetone), herein we only present the results for HBP3 and HBP4 as follows.
Table 3.1.1 Molecular weight/density characteristics of the hyperbranched polyesters.
* As measured by AFM
Theoretical
molecular
weight,
g/mol
Peak
molecular
weight, GPC,
e/mol
M*,
GPC,
g/mol
polydis-
persity
index
P,
gl" '
height of
complete
layer , run
Theoretica
I height,
nm
HBP2 1,777 2,468 2,467 1.47 NA NA 1.4
HBP3 3 ) 604 3,408 2,522 1.88 I .19 3.2 1.7
HBP4 7,316 6,443 4,243 1.32 0.92 2.5 2.5
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3.1.1 Adsorption behavior
The kinetics of adsorption for both HBP3 and HBP4 generations is presented in Figure
3.1.1. The adsorbed amount of material reached the saturation level within 30 minutes. The
saturation time varied slightly for different concentrations but never exceeded I hour. HBP3
demonstrated a distinctly slower rate of adsorption after the adsorption amount reached a half
of the satgration level. Unlike, HBP4 polyester showed a very fast saturation time of less
than one minute. This behavior can be a sign of significant differences in the microstructure
of the adsorbed layers. There were no considerable changes of the adsorbed amorurt after 1
hour of adsorption and within 24 hours of adsorption as was tested for several concentrations.
Only a minor increase of adsorbed amount (=10%) was observed after 24 hours of adsorption
time from the most concentrated (10g/L) solution of HBP3.
1.25
0 1000 2000
Time, s
3000 4000
Figure 3.1.1 Kinetics of adsorption from the I g/L solution normalized to the
saturation level of HBP3 (filted circles) and HBP4 (holtow circles).
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The isotherms of adsorption for both polymers at adsorption time of 3 hours are presented in
Figures 3.1.2a and 3.1.3a. Isotherms for both hyperbranched polymers demonstrated the
typical characteristics of classic adsorption, which can be described in terms of the Langmuir
equation ss
KC['=I'_ x-w l+KC
where I* is the ma:rimum adsorption amount, C is the equilibrium concentration, and K is
the adsorption constant showing the adsorption ability.
The average value of the adsorption constant K was obtained from Langmuir fitting (above
equation) and was about 0.8410.02 Llg for both polymers (Figures 3.1.2,3.1.3). This is
evidence that both HBP3 and HBP4 have the similar affimty to the silicon substrate due to
the same nature of terminal groups. However, the third generation HBP3, reached higher
adsorption amount (f.o: 3.2mg/r*) than HBP4 under similar conditions (I* - 2.1 mg/m2)
(Table 3.1.1.).The reason forthis will be discussed in detail later.
The contact angle for adsorbed polymer films increased monotonously with solution
concentration (Figures 3.1.2a,3.1.3a) . With increasing of the adsorption amount, the contact
angle finally reached 42+2" and 60+2o for HBP3 and HBP4, respectively. These values
were fairy close to the values obtained for annealed spin-coated films (35+3' and 58+2" for
HBP3 and HBP4 films). This indicates full surface coverage of silicon substrates by the
adsorbed layers at saturation.
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F'igure 3.1.2 The isotherm of adsorption of HBP3 (filled circles) and contact angles
(hollow circles), (a). Solid line shows fitting of experimental adsorption data to the
Langmuir isotherm equation. Ellipsometry thickness (squares) and the averages height
of HBP3 adsorbed layer (triangles) obtained by AFM vs. solution concentration (b).
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Figure 3.1.3 The isotherm of adsorption of HBP4 (Iitled circles) and contact angles
(hollow circles), (a). Solid line shows fitting of experimental adsorption data to the
Langmuir isotherm equation. Etlipsometry thickness (squares) and the averages height
of HBP4 adsorbed layer (triangles) obtained by AFM vs. solution concentration (b).
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3.1.2 Surface morpholory and microstructure
3.1.2.L HBPs adsorbed on bare silicon
3.1.2.1.1 HBP4
The images of HBP4 layers on the silicon substrate at different concentrations are presented
in Figure 3.1.4. The adsorption of HBP4 from a very diluted solution (<0.5 g/L) resulted in a
few scattered molecules on the surface (Figure 3.1.4a). Isolated nanoparticles of several
nanometers in height were visible on the silicon surface. Also, some aggregates of the same
height were observed occasionally. The image in Figr.re 3.1.3b shows the result of
adsorption from more concentrated (1 - 3 glL) solution. For these concentrations, the surface
coverage increased dramatically. However, the size and shape of the nanoparticles reminded
virtually urchanged. The HBP4 layer formed at even higher concentration (5 - 1,0 glL,
Figure 3.1.4c) demonstrated b*py surface morphology with the rms roughness of 0.7 nm
for the l x I pm area. The round shapes of densely packed individual nanoparticles can be
resolved on these images.
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Figure 3.1.4 AFM images of HBP4 adsorbed molecules (topograPhY' left and phase,
right) obtained from different solution concentrations: 0.5 g/L (A)' 1.5 g[L @), and 5.0
g/L (C). The image 5a and 5b, 5c are taken from two independent series. Scan size is
2x2 pm, height scale is 5 nm, phase scale is 15o.
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To clarify if nanoparticles observed were individual molecules or their aggregates, we
conducted detailed shape analysis for several HBP4 adsorbates with "standing alone" surface
features. The cross-section analysis (see several cross-sections in Figure 3.1.5) showed that
the averaged height of the surface nanoparticles, d, was 2.26 nm.
5.O nm
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Average height 2.26nm
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Height distribution of HBP4 single particle on silicon, nm
Figure 3.1.5 Top: high resolution image (1x1 pm) of HBP4 molecules adsorbed from
the solution of 0.3 g/L concentration, height scale is 5 nm, and the cross-section shows
height variation along the line shown on the image. Bottom: height distribution of 100
HBP4 molecules adsorbed from the solution of 0.5gll, concentration.
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Indeed, the shape of the simulated HBP4 molecule was fairly close to spherical one with the
diameter of 2.5 nm (Figure 3.1.6a). By operating dynamic simulations using Ceriusz 3.9
program, high normal compression pressure was employed onto the surface of the molecules
to test if flattened conformation can be adapted under strong surface interaction (Figures
3.1.6 b, c). As we observed, such flattening was not favorable due to steric constraint
introduced by bulky branches constrained within the same plane. The HBP4 molecules
rela:<ed to more compact spherical shape with lower energy after compression sfress was
removed. This fact in conjrxrction with molecular weight distribution evaluation (see below)
allowed identiffing the surface features observed as individual molecules of HBP4.
Identical conclusion on the nature of surface features was made for HBP3 (see below).
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Figure 3.1.6 Molecular conformations for HBP4 (arb,c) and HBP3 (dre,fl molecules in
relaxed (a, d.) and flattened (b, c, e, f) states, top-view (bre) and side-view (crf).
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3.1.2.1.2 HBP3
The images of lower generation HBP3 molecules on a silicon surface obtained by the surface
adsorption from different concentration solutions are shown in Figures 3.1.7. The adsorbed
layer microstructure was somewhat similar but also different from the one discussed above
for HBp4 molecules. The adsorption from a very diluted solution (<0.5 glL) resulted in
loose surface arrangement of HBP3 molecules (Figure 3.1.7a). Larger aggregates of several
nanometers across were occasionally visible. The rms roughness of the layers obtained under
these conditions was 0.14 nm on a scale of lxl pm. The HBP3 molecules were very flat and
looked like isolated irregular patches. The thickness of these patches was within 0.6 - 0.9
ru1, which corresponds to the thickness of flattened polyester batches for the HPB3
molecules as obtained from molecular modeling (Figures 3.1.6e, f). Molesular modeling
showed that HBP3 molecule with shorter and fewer bulky branches can be easily flattened
and can stay this conformation after reluation.
The image in Figure 3.1.7b shows the silicon surface after adsorption from 1.5 glL solution
of HBP3. Under these conditions, the surface was covered with short worm-like featres
with occasionally visible pores. The thickness of the adsorbed layer was I .7 nmas measured
using the holes in the layer. The layer of HBP3 adsorbed from solutions with concentrations
higher than zglL (see an example image for 5gll, in Figtre 3.1.7c) demonstrated very dense
morphology with the rms roughness of 0.9 nm within the lxl lrm area. The thickness of the
adsorbed layer of about 3.0 nm was measured using a scratch test.
4t
Figure 3.1.7 AFM images of HBP3 adsorbed molecules (topograPhY, left' and phase,
right) obtained from different solution concentrations: 0.5 g/L (A), 1.5 gtL @), and 5.0
g/L (C). Scan size is 2x2 pm, height scale is 5 nm, phase scale is L5o.
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The heights of molecules for selected samples of HBP3 and HBP4 polymers obtained from
solutions of different concentrations were measured with AFM and compared with the
effective thickness of the layers obtained from ellipsometry. This comparison is instrumental
in further understanding of the microstructure of adsorbed layers.
For the low surface coverage, we measured molecule heights directly from cross-sections of
individual molecules and for dense layers we conducted the scratch test. The results of the
AFM measurements are presented in Figures 3.1.2b and 3.1.3b for both hyperbranched
polymers in comparison with ellipsometry results. For HBP4, we observed a constant height
of molecules of about 2.5 nrn for the entire range of concentrations (Figure 3.1.3b). Unlike,
the effective layer thickness measured from ellipsometry showed a steady o'increase" (Figure
3.1.3). This indicates that HBP4 molecules preserved their shape under variable adsorption
conditions and within dispersed or dense states md, eventually, within dense monomolecular
layers. On the other hand, the variation of surface coverage affected the effective thickness
of the layers. Slightly lower absolute ellipsometric values for the thickness of dense layers
indicates that some pores could be still presented within the monolayer.
In contrary, the height of HPB3 molecules varied greatly depending upon surface coverage
(Figue 3.1.2a). At very low surface coverage (<0.5 glL), the molecule heights were within
0.6 - 0.9 nm that corresponded to the flattened shape of molecules (Figures 3.1.6e, f). At
intermediate concentrations ( 0.5-2 g/L), where molecules showed relatively densely packed
worm-like structures, the molecular height increased to 1.9 nm. This height corresponded to
the diameter of the HBP3 molecules in the compact shape obtained from molecular modeling
(Figure 3.1.6 d).
At higher surface coverage (>2 g/L) and for dense monolayers, the height of the HBP3
adsorbed layer increased to 3.0+0.2 nm. This was about two times higher then one can
expect for spherical molecules packed in the monolayer and could be the indication of a
second layer formation during continuous adsorption. Indeed, the thickness of this layer
matched nicely to the bilayer structure. Changes in the kinetics of adsorption as well the
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constant values of the contact angle supported second layer formation speculation during
prolonged adsorption from concentrated solutions.
3,1.2.2 HBPs adsorbed on NHz SAM layer
In order to enhance the stability of molecules adsorbed on the silicon for both of HBP3 and
HBP4 , which can be used for micromechanical measurement, modified silicon with NHz
SAM was employed as the substrates for adsorption.
Compared with the surface of bare silicon with acid Si-OH grouP, the base group (NHz)
much easily diffirses the acid terminal group OH of HBPs to its surface and get a sffonger
combination. The adsorption of HBP3 and HBP4 on the NHz SAM layer, from the solution
with concentration 0.00 Sg/L to l}glL, was done, which resulted in more compact dense
sgrface arrangement of both HBP3 and HBP4 molecules, even for very dilute concentration
of 0.005g/L (Figure 3.1.8). The thickness of these layers by ellipsometry were 2.4 nm for
HBP4 (10g/L) and 2.9nm for HBP3 (10g/L), which almost have the same values as those on
the bare silicon at the same concentration. With the decrease of concentration, the thickness
dropped to 0.5nm ( adsorption amount, 0.6mglr# ) for HBP3 and 0.9 nm (adsorption
amount, 0.8 mg/m2 ) for HBP4 at the concentration of 0.005g/L. The adsorption amorurts at
this consentration coffesponded to those adsorbed on the bare silicon at the concentration of
lglL for HBP3 and 0.5glL for HBP4. This can be deduced that the adsorption ability form
0.005g/L concentration on NHz SAM substrates increases about by 100 times for HBP3 and
2OO times for HBP4, compared with those on the bare silicon. Also, at the higher
concentration of l}glL, the adsorption amounts of HBP3 and HBP4 on NHz SAM layer
were 3.5 mglfif and 2.2 mglrt, respectively, which were very close to the values ( 3.1
mg/rt for I{BP3 and 2.1 mglm' fo, HBP4) on the bare silicon. This proved that the surface
got a saturation coverage by the molecules of HBP3 and HBP4, and also formed a bilayers
for HBP3 at this concentration due to more compliant and flattened geometry of its molecule.
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The cross-section analysis for the image shown in Figure 3.1.8 was operated and showed the
average height of the surface nanoparticles were 2.66 nm for HBP4 , 1.80 nm for HBP3
smaller round shape particles and 5.74nm for HBP3 large aggregates. This fact, combining
with the previous discussion on bare silicon, allowed identiffing the surface feattrres with
individual molecules of HBP4. But for HBP3, besides the single molecules, the surface also
scattered some aggregates which about three HBP3 individual molecules piled up together.
Therefore, this conclusion can be reached that the shape and size of single nanoparticles for
adsorption of both HBP3 and HBP4 keep the same as those on the bare silicon, and are
independent of the substrates, but HBP3 shows a pattern of much easy aggregation at the
lower concentration.
Figure 3.1.8 AFM images of HBP3 and HBP4 adsorbed molecules obtained from dilute
0.005 g/L concentration on NH2 SAM layer (topography, left, and phase, right)' (A)
HBP3, (B) HBP4. Scan size is lxl pm, height scale is 30 trrr phase scale is 50o.
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3.1.3 ' real ' molecular weight measurement for both HBP4 and HBP3
As described in chapter 1, GPC is an excellent technique for determining the molar mass
distribution of a random coiled polymeric sample, but for hyperbranched polymers, due to
the spherical geometry, there are still problematic to using GPC determine the molecular
weights of HBPs. Therefore, we will employ AFM to measure the volume of single molecule
one by one grafted on the silicon surface by using very sharp tip, and then combining with
the density of the HBP, we can get the statistical distribution of oreal' HBP molecular
weights.
The cross-section analysis of HBP4 single nanoparticles (see several cross-sections in Figure
3.1.5) showed that the averaged height of the surface nanoparticles of HBP4, d, was 2.26 nm.
The average lateral size, l, as calculated from the cross-sections assuming disc shape on
nanoparticles was 2.68 nm, using the following equation: R :12/(8*d), Where R is the tip
radius and d is the height of nanoparticle.ss Statistical measurement for the array of HBP4
nanoparticles is presented in Figure 3.1.9a. The linear fit of the data produced the average
ratio, d/1, ofabout 0.8. This result indicates that the shape of the adsorbed nanoparticles was
very close to spherical. The data collected for HBP4 molecules allowed the evaluation of the
average molecular weight and molecular weight distribution of the molecules on the surface
(Figure 3.1.9b). The calculation assumed disc- or ellipsoidal shape and the bulk density of
polyesters. The distribution obtained for this compourlds was in fair agreement with the
actual molecular weight distribution data obtained for HBP4 solution from GPC data (Figure
3.1.9b). The averaged volume of adsorbed HBP4 molecules as calculated from this
distribution was 10.6 nm3 and the averaged molecular weight of nanoparticles was estimated
to be 5856 g/mot. These values were in agreement with the GPC data and the shape of the
histogram was fairly close to the molecular weight distribution from GPC data (Figure
3.1.9b). The similar approach for the estimation of the molecular volume of adsorbed
polyamidoamine dendrimers was successfully applied by Tomalia et. al.s6
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Figure 3.1.9 Vertical dimension, d, and lateral diameters, l, of HBP4 molecules
adsorbed from the solution of 0.5 g/L concentration (Top). The data are obtained by
imaging with tip radius 28 nm. Molecular weight distribution of HBP4 is based on the
diameter distribution data (histogram) and GPC data (solid line) (Bottom).
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The statistical analysis of ttre dimensions of the HBP3 adsorbed molecules at low
concentration (0.5 glL, Figure 3.1.10) also was conducted following the procedure discussed
above for HBP4. The ratio dll was obtained by the linear fit of the data. This value was
about 0.46 that was much lower than for HBPa @igure 3.1 .9a). It inferred that the HBP3
molecules on the surface possessed oblate shapes and were highly flattened. From the same
image, we calculated the histogram of molecular weight distribution similarly to HBP4
molecules and obtained fair agreement with GPC data (Figure 3.1.11b). However, the
histogram showed that a significant amount of surface aggregates with combined molecular
mass >8,000 g/mol was present on the surface. When these aggregates were excluded from
the calculation, estimated M* was 2257 glmoL The latest value was in agreement with
molecular modeling results and GPC analysis (Table 3.1).
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Figure 3.1.10 Top: high resolution image (1x1 pm) of HBP3 molecules adsorbed from
solution of 0.3 g/L concentration, height scale is 5 trrr and the cross-section shows
height variation along the line shown on the image. Bottom: height distribution of 100
HBP3 molecules adsorbed from the solution of 0.5g/L concentration.
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Figure 3.1.11 Vertical dimension, d, and lateral diameters, l, of HBP3 molecules
adsorbed from the solution of 1 gll concentration (Top). The data are obtained by
imaging with tip radius 12.4 nm. Molecular weight distribution of HBP3 is based on the
diameter distribution data (histogram) and GPC data (solid line) (Bottom).
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3.1.4 Micromechanical properties of HBPs single nanoparticles and layers
The force-volume (FV) method of AFM was employed to study the nanomechanical
behavior of HBP3 and HBP4 single particles and layers adsorbed on the surface of the
silicon. In order to measure the elasticity modulus of the single nanoparticles, ultrasharp
contact silicon tips were used, which tip radius were about 20 nm. The matrix of 32x32 and
64x64 probing pixels was used to evaluate surface distribution of compression elastic
modulus and adhesive forces. Indentation depth was kept about 5nm due to the thin adsorbed
layer with thickness about 2-3 nm. The apparent elastic modulus measured for the
nanoparticles was very high due to the contribution of a stiff silicon substrate. To account
this contribution, we applied the double-layer model described elsewhere. 57 The double-
layer model considers cooperative deformation of two layers with different elastic module.
The theory developed for macroscopic elastic solids was adapted to describe compliant
polymer layer on top of stiff substrates to AFM technique. The elastic modulus of silicon is
several orders of magnitude higher than for the polymer. Additionally, the thicker layers for
HBP3 and HBP4 with thickness about 45nm were prepared by spin-coating as reference
samples, which have the elastic modulus 141 MPa for HBP4 and 69 MPa for HBP3 by
AFM force-volume measurement .
In order to avoid the movement of particles, the HBP3 and HBP4 single particles adsorbed
on modified silicon with NHz SAM layer were prepared used for force-volume
measgrements. The CH: SAM modified tips were also prepared to decrease the adhesion
force between tip and HBPs molecules. To easily identiff HBPs nanoparicles on the FV plot
(Figure 3.I.1,2) , we chose the larger aggregates of HBP3 and HBP4 on NHz SAM layer to
operate the FV measurement. Figure 3.1.13 showed how the HBP3 nanoparticles (aggregate)
correlated to the Young's modulus. After deleting the influence of the bare silicon using
double-l ayer program, the elasticity modulus of HBPs adsorbed particles (aggregates) is
about 5 MPa for HBP4 and 4 MPa for HBP3.
5l
Also, sgrface distribution of adhesive forces and elastic response showed a clear correlation
with surface topography (Figure 3.1 .12), i.e., the higher adhesion and lower elastic modulus
were located within the position of HBPs particles due to their compliance.
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Figure 3.1.12 Surface distribution of the elastic modulus and adhesive forces for the
HBP3 nanoparticles on NHz SAM layer obtained with 64 x 64 probings within the I x I
lrm surface area (top). Correlation between height, young' s modulus and adhesion
(bottom)
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3.1.5 Conclusions
In conclusion, we demonstrated that the interfacial behavior of the hyperbranched polyesters
follows the trends known for dendrimers with regular architectures. Despite low molecular
weigtrt, the fourth generation of the hyperbranched polyesters possesses dense, compact,
globular molecular structure observed, usually, only for high molecular weight dendrimers.
We could speculate that both bulkier side branches and occasional intramolecular
crosslinking contribute to high stability of the globular shape for this polyester.
The adsorption of hyperbranched polyesters of third and fourth generations with hydroxyl
terminal groups on the bare silicon surface followed typical Langmuir adsorption isothenn.
However, the resulting microstructure was very different for different generations. The
HBP4 molecules with bulkier branches were capable of holding their shape close to spherical
shape in both dispersed state and within densely packed adsorbed layers on the silicon
surface. The HBP4 molecules formed the monomolecular layer within an entire range of
adsorption conditions explored. Bulky side branches induced severe consfrains on
conformational flexibility of the HBP4 molecules and prevented sigpificant conformational
changes even rmder dense packing conditions. This behavior is close to one expected for
dendrimer molecules of higher generations adsorbed at interfaces under conditions of weak
interactions between their terminal groups and surface functionalities.ss'te Weak hydrogen
bonding among terminal hydroxyl groups of dendrimers and silanol groups strface silicon
oxide layer is a key factor on formation of compact, dense, monomolecular layers. 60' 61
Unlike HBP4 polyester, lower generation HBP3 molecules were more compliant and could
undergo conformation restructuring during the variation of the surface coverage to minimize
the energy of interaction with substrate hydroxyl groups. At very low surface coverage,
isolated HBP3 molecules adopted flattened conformation with patch-like structures. This
structtrre was reorganized to compact, spherical shapes at higher surface coverage and
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packing density. Under these conditions, HBP3 molecules formed densely packed
monolayer with worm-like intralayer structure and the average thickness close to the
diameter of the molecules in the compact shape. Further exposure to continuously adsorbing
molecules initiated adsorption of the second layer. The stable bilayer film was formed for
high concentrations of solution due to its more compliant and flattened geometry.
Also, the further study for adsorption of both HBP3 and HBP4 on modified silicon with NHz
SAM indicates that the shape and size of adsorbed nanoparticles were independent of
substrate. The elastic modulus for these adsorbed particles were measured by using force
volume method of AFM, less than l0Mps for HBP3 and HBP4.
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3.2 Epoxy-functionalized hyperbranched polyester (EHBP)
EHBP has a HBP3 core functionalized by alkyl chains with secondary epoxy groups (Figure
2.1.2). Such chemical architecture provides dual ability for both grafting to a solid substrate
and an inducing surface functionality for the layer.
GPC analysis of the EHBP compormds showed molecular weights of 11,500 g/mol,
respectively (TabLe 3.2.1). Relatively wide molesular weight distribution was detected for
hyperbranched compounds. The experimentally measured molecular weights of both
compounds were fairly close to the theoretical values obtained from the idealized models
presented in Figure 3.1.2.
Table 3.2.1Characteristics of the hyperbranched polyesters and referenced compounds.
Theoretical
Mn
*
Experimental
Mn
DPI Contact
Angle, o
Thickness,
nm
Theoretical
length/diameter
EHBP 11,27 4 1 1,500 2.6 82 4.5 + 0.4 3.5-4.5
OTS SAM
62
388 NA NA 110 23 r 0.2 2.5
EporySAM
63
236 NA NA 52 0.8 r 0.2 0.9
* Calculated for chemical formula presented on Figure 2.1.2.
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3.2.l Preparation of EHBP monolayer on bare silicon
In the course of this study, we first examined adsorption of the hyperbranched molecules
from a solution on a bare silicon substrate according to the procedure described earlier.s3
Epoxy-functional hyperbranched molecules of the EHBP compound showed very weak
adsorption on the bare silicon compared with its core HBP3. Obviously that the hydrophobic
shell of predominantly alkyl branches prevented the formation of anchored macromolecules
on a hydrophilic silicon surface. Therefore, we exploited chemical grafting from melt to
fabricate the EHBP layer by using the known reaction between silanol groups and epoxy
groups initiated at elevated temperatures in the range of 100 - 200'C (Scheme 3.2.1).64' 6s
The crucial point was to find a fine balance between the rate of grafting of epoxy-containing
branches and the rate of dewetting caused by the interaction of hydrophobic branches and the
hydrophilic silicon surface. We varied grafting conditions, such as solvent nafi;re,
concentration of the solution, thickness of the initial film, grafting time, and temperature, to
avoid frequently occurred dewetting phenomena and assure the formation of anchored and
robust uniform layers.
-.1:1
'-,}A,_oH,------
t:1:l
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*
Scheme 3.2.1 Grafting surface reaction at elevated temperature.
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As we observed, grafting from the melt at 120-l50oc resulted in steady growth of the
polymer fiIms with grafting time. The thickness reached the ultimate value of 4.5 nm (Figure
3.2.1). AFM images of the EHBP layers obtained at 120oC for different grafting times are
displayed in Figure3.2.3. After 10 min of grafting, the incomplete layers possessed island-
like surface morphology. The increase of the grafting time resulted in increasing surface
coverage. The EHBP layer became almost complete after 15 min of grafting. The surface
coverage increased to 80% and the contact angle reached 60o. After20 min of annealing, the
layer demonstrated very smooth and uniform surface morphology, though the thickness
reached the plateau value only after I hour of grafting. The contact angle also reached the
constant value of 82o. This value is much higher than one observed for the core HBP3 (42')
and epoxy-terminated SAM studied earlier (52) due to the presence of the hydrophobic
terminal branches (Figure 3.2.2). On the other hand, it is well below the contact angle
observed for complete SAMs with dense alkyl chains, such as OTS (110") 66, which
indicates substantial differences in surface composition for complete surface coverage as will
be discussed below.
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Figure 3.2.1. Kinetics of grafting of EHBP from melt to silicon sur{ace at 120oC as
monitored with ellipsometry (thickness ,A ) and contact angle measurements
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3.2.2 Morpholory and composition of EHBP monolayer
The complete EHBP layer was uniform with the rms microroughness about 0.2 nm within
the lx1 pm surface area (Figure 3.2.3). The thickness of the layer, measured from the depth
of the through hole produced by scanning with high forces, was 4.4 t 0.3 nm, which was in
good agreement with 4.5 + 0.5 nm value obtained from ellipsometry measurements for
several independently fabricated polymer films. The thickness of the layer was close to but
slightly higher than the diameter of the molecules in a globular shape (estimated to be within
3.5 to 4.5 nm from molecular modeling) (Table 3.2.1). To obtain further insight on chemical
composition of the layers and their internal microstructure, we turned to the results of XPS
measurements
6t
Figure 3.2.3. AFM images (topography (left) and phase (right)) of the EHBP layer at
different stages of formation at various the annealing time at 120oC: 10, 15, 20,
and 70 minutes (from top to bottom). Scan size is lxl pm, height scale is 5 nm'
phase scale is 30o.
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Observational XPS spectra showed the presence of all elements expected for the given
polymer layer (Figure 3.2.4). Change of the take-off angle from 0o to 60o, and 75o, which
coffesponded to the probing depth of 8, 4, and 2 nm, respectiv "ly 
6' lead to significant
decrease of silicon peaks intensities and redistribution of oxygen and carbon peaks intensities
towards higher intensity of the carbon peak. The latest result reflected the decreasing oxygen
content due to reducing contribution from the silicon dioxide layer as wa-s estimated from
high-resolution specfra (Figure 3.2.5). In addition, the ratio of "organic" oxygen to carbon
was estimated to be 1 : 4 for the entire polymer layer that was vory close to the ratio
estimated from the idealized chemical strucflue and indicated authentic chemical
microstructure of the grafted layer (Table 3.2.2). It is worth noting slightly reduced carbon
content measured as compared to idealized chemical structure. This can be attributed to
natr.pal internal imperfections of hyperbranched polymers such as branch cross-linking and
termination that reduces the number of terminal branches per the same amount of polar core.
However, the uppermost 2 nm layer showed significant enhancement with carbon that
indicated predominant localization of the terminal alkyl branches with more polar segments
being near the silicon surface. Indeed, detailed analysis of the high-resolution spectra for
carbon confirmed this conclusion.
High-resolution C ls spectra were decomposed into five component peaks (A, B, C, D, and
E") reflecting the different chemical environment of carbon atoms (Figure 3.2.5, Table 3.2.3).
These peaks were assigned to the specific chemical groups presented in the branches as
shown in Schem e3.2.2 and in accordance with the known binding energies.6' The areas of the
two component peaks B and D were close, because of their stoichometric ratio in the
chemical microstructure, tB]: tD] : 1:1. Peak C was larger than either.B or D.In addition to
the ester groups (O:C-O-C), the polymer contained additional ether groups (C-O-C) or
alcohol groups (C-OH), which can be partially formed by opening of the fraction of the
epoxy rings. The band E found was found to be located at somewhat higher binding energy
than the expected value for epoxy groups (E : 287 .02 eV). This shift can be attributed to the
secondary nature of the epoxy groups. Another possible candidate, ketone group, is not in the
chemical composition of the molecules. Other structure element with similar binding energy
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that can contribute to this peak could be Si-O-C bond, which can be formed as a result of
chemical grafting. However, the expected amourt of those bonds was too low to separate the
coffesponding component peak (Si-O-C) in the Si 2p spectrum (expected at BE : 102.0
.v).u'
Analysis of the chemical composition showed fair coffespondence of expected and calculated
values with minor reduction of the carbon component as was discussed above (Table 3.2.3).
These dataconfirmed preferable localizationof the carbon component (terminal alkyl chains)
closer to the layer surface. The content of the core polar segments was slightly higher in the
vicinity of the surface (Table 3.2.2). The content of the epoxy groups was significantly (3
times) lower than expected content from chemical microstructure (Table 3.2.2). This
reduction was expected considering partial "consumption" of the epoxy rings dr:ring grafting
to the silicon oxide surface. From the content measured, we can estimate that about 40% of
epoxy groups was still present within the layer with 114 of epoxy groups (or 3-4 groups per
molecule) being localized within 2 r:rirt from the surface.
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Scheme 3.2.2 Fragment of HPB branch with designated atomic groups as defined from
XPS spectra.
64
CPS,
xl04
20
10
....i--b--,.#/L
Bl"-dI:- EaG-Y <-v>
1 000 800 600 400 200
Binding energy, eV
Figure 3.2.4. XPS suruey spectra for the EHBP layer at three different take-off angles: 0o
(top), 60o (middle), and 75o (bottom).
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Figure 3.2.5. High-resolution XPS spectra for the EHBP layer for silicon (top, 0o take-off
angle) and carbon (bottom, 600 take-off angle) elements. Data for splitting mildma for the
carbon elements (Scheme 3.2.2) is presented in Table 3.2.3.
300 280
binding energy [eV]
Conditions Chemical composition in atomi c o/o for diff,erent carbon atoms shown
in bold (energy is in eV)
See Scheme 3: A B C D E
C-Hz
(285.0)
C-COO
(285.8)
C-O-C and C-
oH (286.7)
O-C:O, ester
(28e.2)
C.O.C,
epoxy
(287.7)
Probing depth,
2nm
66.6 9.2 14.1 9.2 0.9
Probing depth,
4nm
66.2 9.4 13.7 9.4 1.3
Probing depth,
8nm
60.0 10.9 t6.9 10.9 t.4
Idealized
Chemical
Structure
(Figure 1)
68.2 9.1 10.3 9.1 3.3
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Table 3.2.2. XPS characterization of the chemical composition of EHBP layer.
Table 3.2.3. XPS characterization of the element ratio for the EHBP layer.
Element ratio Complete layer Uppermost 2 nm
O : C, experimental l:4 l:7
O : C, model estimation l:3.7 l:7
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All of above results, in conjunction with ellipsometric and AFM data discussed above,
allowed proposing the "segregated" model of hyperbranched molecules as an alternative to
globular, spherical conformation (Figure 3.2.6). This model reflected the predominant
interaction of the polar core with a polar substrate. Redistribution of dissimilar molecular
segments included preferential adsorption of the polar core on silicon surface with lesser
fraction of the terminal branches in close proximity to the surface to facilitate grafting via
epoxy groups. Such redistribution resulted in a higher fraction of the alkyl terminal branches
positioned closer to the surface (Figure 3.2.6). As discussed in part 3.1, the conformation of
hyperbranched cores HBP3 demonstrated being squeezed on a silicon sr.uface to a pancake
shape with height of 1.5-1.9 ,m.53 From 2 to 3 nm should be filled with terminal alkyl
branches to complain with experimentally observed thickness of 4 - 5 nm (Figure 3.2.6).
Such type of microstructure is similar to one proposed for interfacial assemblies of
dendrimers with polar cores and is considered to be common for dendrimers with compliant
cores, low-generation dendrimers, and very dissimilar chemical composition of cores and
shel1s.68 However, it is clear that a simple representation with one of the models presented in
Figure 3.2.6 oversimplifies the real microstructure of the functiona\ized hyperbranched layer.
As indicated by XPS data, the actual structure is more complicated with gradual, minor
changes of segmenVcomposition distribution across the layer. The actual state of EHBP
molecules within the layer can be represented by a combination of both microstructures
presented in Figur e3 .2.6.
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Epoxy groups
F'igure j.2.6. Molecular models of EHBP molecules in globular conformation (top) and
in the conformation with polar core concentrating closer to the silicon surface
and alkyl terminal locating mostly within the uppermost layer (bottom).
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Independent estimation of surface properties by using contact angle values confirmed a
mixed composition of the layer surface. The measured value of the contact angle for the
EHBp layer was well below 110o expected for alkyl branches (Table 3.2.1). This can be
attributed to the surface presence of the epoxy groups. To evaluate the fractional presence of
the epoxy groups on the layer surface, we used the Cassie equation for the two-component
surfaces considering epoxy groups and alkyl chains as two major components affecting the
surface properties. We applied the Cassie equation to the two-component surface using the
contact angle values of 1 10o and 52o for the alkyl and epoxy-terminated SAM surface 6e,
coffespondingly (Table 3.2.1). As a result, we obtained the estimation of a surface fraction of
epoxy groups of about 4}yo, close to the XPS estimation. Taking into account that the ratio of
the epoxy-containing branches to the alkyl branches was closer to 2:1, we could conclude
that,in fact, the surface chemical composition was fairly close to the overall composition.
3.2.3 Anchoring property of EHBP monolayer
Measurements of the interfacial properties of polymer layers provide additional independent
information regarding their physical state and surface functionality. To obtain independent
confirmation of presence of epoxy groups within uppeflnost surface layer and its ability to
anchor molecules with appropriate functional groups adsorbed on its surface, we conducted
two additional experiments. One of them was grafting from melt of a tri-block copolymer,
poly[styrene-b-(ethylene-co-butylene)-b-styrene] (SEBS) functionalized with ZYo of maleic
anhydride (Kraton, Shell) according to the procedure described before. 
70 Another experiment
was performed by the treatment of the EHBP layer with n-butyl amine from the 0.1%
solution in ethanol for 24 hours and subsequent multiple washing with ethanol and THF.
It was shown that SEBS copolymer can be grafted to epoxy-terminated SAM.70 We
reproduced the conditions of SEBS grafting using the EHBP layer as a substrate. We found
8.5+0.5 nm thickness of the SEBS formed on the EHBP layer, which was identical to the
70
value obtained earlier. 70 Moreover, grafted SEBS layer demonstrated similar nanodomain
morphology (Figure 3.2.7). This layer sustained, without damage, significant (up to 1 pN)
shear stress and harsh washing procedure including a combination of hot polar solvent and
ultrasonic bath. We concluded that the EHBP layer possessed excellent anchoring ability
similar to epoxy-terminated SAM. On the other hand, n-butyl amine adsorbed from solution
under mild conditions was completely washed out from the EHBP layer surface. In this case,
both secondary nature of epoxy groups and hydrophobic alkyl-predominated surface were
responsible for the inhibitation of a surface reaction.
Figure 3.2.7. AFM images (topography (left) and phase (right)) of the SEBS layer
grafted on the EHBP layer (top) and the SEBS layer grafted on epoxy-
terminated SAM (bottom).
7r
3.2.4 Micromechanical proPertY
The EHBP layer grafted to a silicon surface is expected to be much more robust,
mechanically stable, and sustains much higher shear stresses than physically adsorbed
polymer layer. Therefore, we conducted additional experiments to verify the
micromechanical properties of this layer and its shear stress resistance. SPM scanning in the
contact mode of the 1x 1 pm surface area was performed for all layers with the same probe
and under the same conditions. First, wo observed that the layer sustained very high shear
stresses produced by the SPM tip scanning under normal load up to I pN, which easily
damaged a physically adsorbed layer of polar hyperbranched cores HBP3. Scanning with
forces higher 1 pN, could damage the grafted layer by scrapping the material within the
surface areascanned as demonstrated in Figure 3.2.8. This level of the anchoring strength to
the substrate is typical for chemically grafted polymer and organic layers. 
7' We caried out
comparative measurements of the wear stability of the grafted EHBP layer and epoxy-
terminated SAMs. We moved the location and applied increasing nofinal loads to estimate
the wear stability at low, moderate, and high loads. Then, the sample damage was visualized
with tapping mode by zooming out the worn area (Figure 3.2.8). The reference sample of the
epoxysilane SAM demonstrated increasing damage of the surface with the increasing load
with debris of organic materials flying over the damaged area even at modest loads. In
contrary, the grafted EHBP layer sustained low load of 250 nN and showed very light wear
at moderate loads. Even at the highest load, about 1 IrN, the vast majority of the surface area
on the EHBP layer was kept untouched. Obviously, grafted hyperbranched polymer layer
was much more wear resistant than low-molar organic SAM due to its ability to reversible
elastic deformation under high shear stresses. 72
72
Figure 3.2.8. AFM images (4x2.5pm, topography (left) and phase (right)) of the EHBP
layer (top) and epoxy-terminated SAM (bottom) being a subject of scanning
within the I x I pm areawith 250 nN, 500nN, and lpN (tracks from left to right)
forces.
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Figure 3.2.9, Loading curves (contact mode, 1 Fm scan, 2 pm/s scan rate, silicon nitride
rout*d tip) of bare silicon (squares), epoxysilane SAM (circles) and grafted EHBP
(triangles)
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We mentioned that EHBP demonstrates low adhesion as compared with HBP3 and bare
silicon sgrface. The topmost stratum of the layer is enriched with alkyl chains as it is clear
from contact angle and XPS measurements. This situation can produce good lubricating
properties. Thus, we performed friction measurements of the EHBP layer. The results of the
measurements of friction loop vs. Normal load of EHBP grafted layer are presented on
Figure 3.2.9 compared with the results obtained for bare silicon and epoxysilane SAM wittl
the same probe and at the same conditions. We prepared the linear approximatioin of the
loading curves. From the slops of the loading curves, we found that friction coefficient of
EHBP is about l0 times less than bare silicon and 15 times less than epoxysilane SAM.
EHBP demonstrates prominent lubricating properties compared with low adhesion and high
stability. The tips used for this measurement were blunt silicon non-contect tips with spring
constant of 43nlm, which were first worn by scanning on the bare silicon using contact mode .
To test these micromechanical properties, we performed micromapping of the EHBP layer as
described elsewhere (Figure 3.2.10). " The matrix of 32x32 probing pixels was used to
evaluate surface distribution of compression elastic modulus and adhesive forces. We took
precautions to assure pure elastic deformation during multiple indentations by controlling
maximum deflection and zooming out to observe appearance of indentation marks. It was
observed that the EHBP layer sustained very significant reversible deformations with
compression as high as 80%. As clear from elastic and adhesive ooimages" obtained with
lateral resolution of about 30 nm, the surface distribution of both properties was statistically
uniform (Figure 3.2.10). Indeed, surface histograms were relatively niurow with standard
deviation below 5Yo for adhesive forces and25Yo for elastic modulus, E. The apparent elastic
modulus of the layer was about 300 MPa due to the contribution of a stiff silicon substrate.
To accorurt this contribution, we applied the double-layer model described elsewhere.'o This
model considers cooperative deformation of two independent layers with different elastic
moduli. 7s Within the double-layer model, we obtained the value of elastic modulus for the
EHBP layer of 1l MPa (see typical experimental data and theoretical fit for layer
deformationversus compression in Figure3.2.10). This value was close to typical moduli for
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crosslinked rubber surfaces 73 and demonstrated elastic response of the grafted layer superior
to its viscous fluid state in bulk.
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Figure 3.2.10. Surface distribution of the elastic modulus and adhesive forces for the
EHBP layer obtained with 32 x 32 probings within the 1 x 1 pm surface area (top);
corresponding histograms of surface distribution (middte); an example of experimental
data for deformation versus normal load (bold solid line) along with double-model
theoretical fit (solid line).
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3.2.5 Conclusions
In conclusion, we demonstrated that robust and uniform monolayers with the thickness of 4.5
nm could be fabricated by grafting of functionalized hyperbranched polyesters from melt to a
bare silicon surface. Multi-functionality (epoxy-alkyl) provides dual ability for both Safting
to solid substrate and residual surface functionality. Steric constrains imposed by the
chemical attachment of both terminal alkyl and epoxy-alkyl chains, prevent microphase
separation and open a new venue for fabrication of uniform layers with controlled exposure
of functional groups. Estimate d 3-4 epoxy groups per molecule are located in the uppermost
sr.gface layer and provide funetionality sufficient to graft another polymer layer wittl
appropriate functionality. Grafted layers are extremely elastic and robust. They sustain
compression and shear stresses much higher than low-molar organic SAMs.
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3.3 Hydroxyl-terminated hyperbranched polyester (HP-0) and its substitutions with
different percentage of CrzH35 branches
As described in chapt er 2, this series of HPs is supposed to be a hyperbranched polymers
with lZ hydroxyl-terminated groups for HP-0, and has HP-0 as a core with different
percentage of substitution by CrzHss, HP-10 (10%), HP-25 (25%), HP-50(50yo), HP-75
(75%) and HP-100 (100%).(Figrxe 2. r.3)
GpC analysis of this series of HPs showed in the table 3.3.1. Relatively wide molecular
weight distribution was obtained for these hyperbranched compounds. The idealized
chemical structures were presented in Figure 2.1.3. The experimentally measured molecular
weights were close but still a little different from the theoretical values obtained from the
idealized models.
Table 3.3.1 Characteristics of the hyperbranched polyesters.
Theoretical Mo Experimental Mo DPI Number of alkyl tails
Idealized
number
Estimated from
LB isotherm (MW
From GPC)
Estimated from
LB isotherm (MW
from model)
HP.O
L0'24
979 1.38 0 0 0
HP.lO
L.L tO
I 154 r.55 1.2 I I
IIP.25
t624
1046 1.55 3 2.4 2.75
HP.5O
265 r
t975 1.26 6 4.35 5.75
IIP.75
3451
2160 1.37 9 7 9.15
HP-100
4Z5t) tzll 1.87 t2 8 13
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3.3.1 ldentification of HPs molecular structure by FTIR
For this series of hyperbranched compounds, with increase of substitution percentage of
CrzHgs branch, the number of OH groups decrease and CHz groups increase in the
compound. ATR-FTIR measurement can give us a quantity analysis for composition change
of the compounds. The stronger adsorption peak s at 2920 and 2880 cm-l correspond to CHz
stretching vibration and peak at 3400 cm-l to OH group inthe FTIR spectrum (Figure 3.3.1).
After ATR correction, the peak intensity of the above three peaks for these six compounds
were calculated shown in Figure 3,3.2, which showed a good trend that the intensity of CHz
and OH adsorption change with the substitution of CrzHgs branch. Also, the change of
intensity of OH adsorption with substitution showed an obvious lower trend than that of CHz
adsorption because one CrzHrs branch has 17 CHz groups and just substitute one OH group.
But Hp-100 showed a lower intensity compared to the whole trend of the intensity of CHz
adsorption. This may be a sign that HP-100 molecular structures have a difference from the
models what we expected. It is not enough to identify their structure only by FTIR. In order
to further probe this, other instruments should be employed as the following discussion.
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Figure 3.3.2 Intensity of CHz and OH peak at FTIR spectrum
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3.3,2 Interfacial behavior
3.3.2.1LB isotherm
The molecular morphology at the airlwater interface for this series of HPs was investigated
by the LB technique. Two set of molecular weight (MW), experimental and theoretical data,
were used to calculate the solution concentration for LB isotherm. The results are shown in
Figure 3.3.3. The ru-A isotherms for both two sets showed steady increase in the surface
pressure upon compression that is indicative of formation of stable monolayers. A plateau is
observed for HP-25, HP-50, HP-75 and HP-100 in Figure 3.3.3 a and b, indicating that the
number of alkyl chains (n>2) determine the existence of a phase transition. On the other hand,
for Hp-0 and HP-10 (the number of alkyl chains is less than 2), no such plateaus exist, it is
suggested that the alkyl groups may be insufficient to maintain the molecules at the airlwater
interface at high surface pressure.
The areas per molecule (Ao) for HPs were calculated by extrapolation of the steep rise in
surface pressure to zero pressrrre.'u The molecular areas show a linear increase with the
number of alkyl chains attached to HP-0 (Figtre 3.3.4). If one assumes a molecular area of
ZO N for one alkylcarboxyl chain, the molecular areas obtained for different HPs correspond
precisely with 20 * n (A2) (n: the number of alkyl tails).77 By this w&y, the number of alkyl
chains for each hyperbranched polymer san be reached (shown in Table 3.3.1). The
experimental values were roughly in agreement with the theoretical ones.
The orientation of our molecules at the air-water interface can be assumed that the
hydrophilic core (HP-O) is pointing to the aqueous phase and all the hydrophobic tails are
oriented upward the water surface. But information regarding the structr.ue of the alkyl chain
can not thus be determined only from the n-A isotherms.
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Figure 3.3.5 showed three cycling isotherm of compression and expansion before collapse of
the monolayer. It was observed that every later cycling shifted to smaller area compared to its
former one. This phenomenon became pronounced with the decrease of hydrophobic CrzHrs
branches in the molecules.
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Figure 3.3.5 Three isotherm cycling of compression and expansion before collapse of
monolayer
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3,3.2.2 Morpholory and crystallization of LB deposited layers
Figure 3.3.6 showed the images of LB deposited layers on bare silicon for HP-25,50,75
and 100 at the surface pressure of 35 mN/m. Some aggregate domains could be clearly
observed. The diameter of these domains changed with the degree of CrzH:s substitution. The
shape of the domains for HP-25 with about 3 alkyl tails was about round and had a nearly
s6rme size, 2-4 pm in diameter. For the higher substitution, the domain became larger (9-
lQpm for HP-75 and 6-8pm for HP-100), and something like tails was shown around the
edge of the domains. It was also noted that there existed a mixture size for HP-50 (50%
substitution), about 4 pm and 14 pm in diameter. The patterned structure within the domain
showed some overlapping and interpenetration (Figure 3.3.7, and 3.3.9), and with the
increase of substituted branches, the structure became denser but still had some holes exist.
This is expected due to the polydispersity and non-perfect structure of HBPs molecules. The
height of these striated domains, obtained by AFM cross-section analysis, was higher by 0.6-
0.9 nm than the surrounding flat monolayer ( Figure 3.3.8 and Table3.3.2). These values are
about two times smaller than the length of linear alkyl CrzHas chain (2.2nt). We can
assumed that the shells CrzHrs of hyperbranched polymers packed to a patterned structure
during the compression, but were not aligned along a certain crystalline direction. Also, for
these four HBPs, the LB layers were deposited onto the surface of silicon at the lower sr.rface
pressgre of 15 mN/m. Some aggregate domains, even clusters, were still commonly observed,
but there were no any pattern within the domains. This can be assumed that the alkyl chains
were oriented randomly. Recently, X-ray study further proved this point that the alkyl tails
randomly arranged at low surface pressure, and then packed closely upward but still tilted at
the higher surface pressure.
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Figure 3.3.6 AFM images of HPs LB self-assemble layers deposited at the surface
pressure of 35 Nm/m ( topography, left and phase, right)o Scan size is 25pm x 25pm'
height scale is 20nm , phase scale is 30".
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Figure 3.3.7 AFM images of HPs domains of LB self-assemble layers deposited at the
surface pressure of 35 Nm/m (topography, left and phase, right)' Scan size is lpm x
lpm, height scale is lnm , phase scale is 30o.
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Table 3.3.2 Thickness of LB deposited layers
Theoretical
height *, nm
Thickness by
ellipsomefiry, nm
Thickness by AFM
(only for layers at 35mN/m)
Layers
deposited
at
15mN/m
Layers
deposited
at
35mN/m
Domain
height ds,
nm
Height of
area arorurd
domain d1,
nm
Total
height,nm
(do * drl
HP.25 2.0 1.13 1.73 0.6 t.25 1. 85
HP.5O 2.5 1.31 2.04 0.8 t.52 2.32
HP.75 2.5 1.33 2.09 0.8 1.54 2.34
HP-100 2.5 1.33 2.14 0.85 1.62 2.47
* calculated from the vertical model (presented in Figure 3.3.10)
All of above results. Combining with ellipsometric and AFM data presented in Table 3.3.2,
allowed proposing the pattern of hyperbranched molecules at the airlwater interface as
showed Figure 3.3.11. The hydrophilic core (HP-0) was attached to the water surface, and
the hydrophobic tails were randomly upward to any direction at low surface pressure. During
the compression, the surface become dense and the tails of some molecules were forced to
stand vertically. These standing tails over other tilt ones ( height 0.6-0.8nm) formed the
domains observed in AFM images, which packed to a patterned structure but were not
aligned along a exactly certain crystalline direction. It is worth noted that the values of the
height of un-domain ateaof deposited layers at 35 mN/m (1.25-1 .62rrr) are close to that of
the layers deposited at low surface pressure of 15 mN/m (1.13-1.33 nm). This firttrerproved
that the area (except domain) of the LB deposited layers were formed by the HPs molecules
with randomly tilt tails. Additionally, the total thickness by AFM is in good agreement with
the theoretical value, 2.5 nm (Figure 3.3.10).
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Figure 3.3.10 Molecular model of HP-75 in flatten conformation (left) and in the
conformation with tails vertical standing (right).
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Figure 3.3.11 Scheme of pattern of LB deposited molecules of [IPs
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3.3.3 Conclusions
We use FTIR, GPC and Langmuir technique to identiff the molecular structures of a series of
Hps. Generally, FTIR results gave us a good trend that the intensity of CHz adsorbed peak
and OH peak change with the number of CrzHgs substitution. The number of experimentally
substituted alkyl chains calculated from LB zu-A isotherms were roughly in agreement with
the theoretical values. AFM images showed there were some aggregate domains scattering
on the surface of the LB deposited layers, and these domains demonstrated some pattern for
higher surface pressure. The tilt tails of some molecules were forced to stand vertically at the
higher sgrface pressure, which these standing tails over other tilt ones ( height 0.6-0.8nm)
formed the domains observed in AFM images.
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CHAPTER 4. CONCLUSIONS
In general, the fotlowing conclusions c&R be drawn: Monolayers of hyprbranched poltrmers
by physical or chemieal ffiing on the siliqon surfaee. The nunrber of, end groups and
generation affeot the morphology and properties of HBPs on the solid surface from consistent
strucftre for IIBP4 to changeahle ones dependent on the density of adsorbed molecules for
HBPs.
Elastic, and unifonn monolayer with good micromechanical properties fabricated by epoxy-
functional hyperbranched polymer. 'separate' molecular model for hyperbranched polyrners
with allry] tails on air/so]id or air/water interface.
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